Os-HL 9 , monodentate coordination of the ligands through the quinoline nitrogen was established. The antimalarial activity of the new ligands and complexes was evaluated against chloroquine sensitive (NF54 and D10) and chloroquine resistant (Dd2) Plasmodium falciparum malaria parasite strains. Coordination of ruthenium and osmium arene moieties to the ligands resulted in lower antiplasmodial activities relative to the free ligands, but the resistance index is better for the ruthenium complexes compared to chloroquine.
Introduction
The development of organometallic complexes for medicinal purposes has progressed rapidly during the last decade. [1] [2] [3] Although the development of anticancer agents is one of the largest research areas within the field, other applications, e.g. organometallics as antimalarial agents, have also generated scientific interest. [4] [5] [6] Approximately half the world's population is at risk of contracting malaria and the disease kills around 600 000 people per year. An African child dies from malaria every 45 seconds and widespread resistance to many of the available antimalarial drugs is undermining malaria control efforts. 7 The recent reports of developing resistance against artemisinins have added renewed urgency to the development of new antimalarials. 8 Chloroquine (CQ, Fig. 1 ) was the mainstay of malaria chemotherapy in large parts of the world for decades, but resistance has now prompted its replacement in most malaria-endemic countries. 9 Ferroquine (FQ, Fig. 1 ), a ferrocene analogue of chloroquine, is a particularly successful organometallic antimalarial agent that has completed phase IIb clinical trials. 10, 11 Organometallic ruthenium arene complexes are a class of organometallic half-sandwich compounds that show both catalytic activity and promising anti-tumor activity, and such compounds have consequently been the subject of much research effort. 12, 13 It has been shown that ruthenium coordination complexes and organometallic ruthenium arene complexes of chloroquine ( Fig. 1 ) exhibit increased activity towards chloroquine resistant malaria strains compared to chloroquine itself. 14, 15 In addition, the arene ruthenium chloroquine complexes showed anticancer activity against several tumor cell lines. 16 In an earlier study, we reported half-sandwich ruthenium arene complexes with bidentate chloroquine analogue ligands. 17 Relative to corresponding compounds with N,N-chelating ligands, a complex (Ru-1, Fig. 1 ) containing a chloroquine analogue with an N,O-chelating salicylaldiminate unit (HL
1
, Fig. 1 ) was shown to have the highest antimalarial activity. 17 In comparison to the above-mentioned ruthenium halfsandwich complexes, arene complexes of the heavier congener osmium are much less studied, but recently osmium arene complexes with biological activity have been reported. [18] [19] [20] [21] [22] [23] [24] [25] Sadler and co-workers have synthesized and evaluated the anticancer activity of a large number of osmium arene complexes with bidentate ligands, including N,N-, N,O-and O,Ochelates. [18] [19] [20] In addition, Keppler, Arion and co-workers have reported antiproliferative osmium arene complexes with ligands based on biologically active so-called paullones, containing an indolo-benzazepine that can be modified to create N,N-chelating ligands. 23, 24, 26, 27 Recently Pfeffer et al. have
reported cyclometallated osmium arene complexes with C,Nchelating ligands that show activity against glioblastoma cells. 25 In all three groups of compounds, the nature of the ligand and its mode of coordination have great impact on the anticancer activity of the complex.
Here, we wish to present the synthesis and characterization of a group of new ruthenium and osmium arene compounds with chloroquine analogue ligands similar to that used for Ru-1 ( Fig. 1) , which coordinate to the metal in bidentate or monodentate modes. This new set of complexes enables the study of (i) the effect of changing the metal from Ru to Os, (ii) the effect of the coordination mode of the ligand and (iii) the effect of the electronic properties of the substituent in para-position to the coordinating phenoxy group on antimalarial activity. The activity of the complexes was tested in vitro on Plasmodium falciparum malaria parasites; to our knowledge, these are the first osmium compounds tested for antimalarial activity.
Results and discussion

Synthesis
Considering the relatively good antimalarial activity exhibited by the ligand HL 1 and its Ru p-cymene complex Ru-1 (vide supra and Fig. 1 ), we chose to explore this ligand framework for possible electronic influence exerted by substituent groups on the antimalarial activity of the ligands and their metal complexes. Thus, reaction of N 1 -(7-chloroquinolin-4-yl)ethane-1,2-diamine with the substituted salicylaldehydes S 1-9 in refluxing ethanol yielded the Schiff bases HL [1] [2] [3] [4] [5] [6] [7] [8] [9] in fair to excellent yields (51% to 99%) (Scheme 1), and these ligands were characterized by 1 H-NMR and 13 C NMR spectroscopy, IR spectroscopy and mass spectrometry (cf. Experimental section). Deprotonation of the ( pro)ligands HL [1] [2] [3] [4] [5] [6] [7] [8] with Et 3 N, t-BuOK or Ru-1-Ru-8, respectively) in fair to excellent yields (53% to 93%), and in the corresponding reactions of HL [1] [2] [3] Cl] complexes Os-1-Os-3, Os-5 and Os-7 were obtained in fair yields (36% to 72%, Scheme 2, cf. Experimental section). The choices of base, workup and purification procedures were found to have only limited effect on the yields and purities of the complexes. Synthesis of the imidazolyl-containing ligand N-(2-((1-methyl-1H-imidazol-2-yl)methylamino) ethyl)-7-chloroquinolin-4-amine (L 10 ) and its ruthenium p-cymene derivative, Ru-10, have been reported earlier. 17 The . An NMR spectroscopy scale reaction showed that reaction of HL 1 with the osmium dimer under the same conditions did not yield a monodentate complex analogous to Os-HL 9 , but rather resulted in a mixture of species that could not be properly identified. This is most likely due to the relative availability of the hydroxyl group, which is sterically protected by the tert-butyl groups in HL 9 but available for coordination in HL 1 , which in the absence of base leads to competing coordination reactions that result in a complex mixture of products, including coordination through the salicylaldimine moiety and the quinoline nitrogen and coordination to both coordination sites. There are no examples in the literature of osmium-arene complexes with salicylaldiminate ligands containing a tert-butyl substituent in the 2-position, ortho to the phenolic group, and the few examples of ruthenium complexes are reported to be unstable in solution. The NMR and IR spectra for the osmium complexes Os-1-Os-3, Os-5 and Os-7 closely resemble those for the corresponding ruthenium congeners. Their 1 H-NMR spectra show the same features as the spectra for the ruthenium complexes: diastereotopic splitting of the aromatic and isopropyl protons of the p-cymene, an upfield shift of the imine proton resonance and the absence of the phenolic proton resonance. The one noteworthy difference is that the aromatic protons on the p-cymene ring appear slightly downfield from their positions in the ruthenium complexes; between 5.8 to 5.4 ppm for the osmium complexes, as compared to 5.5 to 5.0 ppm in the ruthenium complexes. This difference is similar to that observed in the parent dimers, where the osmium dimer has two doublets at 5. (Fig. 1) , occurs through the quinoline nitrogen.
7, Os-HL 9 and Os-10 are in full agreement with the proposed structures as depicted in Schemes 1 and 2. The exact bonding mode of ligand HL 9 in complexes Ru-HL 9 and Os-HL 9 is difficult to assign with certainty on the basis of available data, but the 1 H Δδ values clearly indicate that coordination occurs through the quinoline nitrogen.
Single crystal X-ray diffraction
The proposed coordination mode of the ligands was confirmed for complexes Ru-1, Ru-3, Ru-5, Os-5 and Os-7 by single crystal X-ray diffraction studies. Single crystals of Ru-1, Ru-3 and Ru-5 were grown by slow evaporation of a dichloromethane-petroleum ether solution of the respective complexes while for Os-5 and Os-7, crystals were grown by vapor diffusion of diethyl ether into a solution of the appropriate complex in dichloromethane. Fig. 2-6 show the molecular structures of Ru-1, Ru-3, Ru-5, Os-5 and Os-7, and Tables 1 and 2 contain a selection of relevant bond lengths and angles. Relevant crystal data and structure refinement parameters are listed in Table 5 in the Experimental section.
When solving the structure of Ru-1 it was noticed that the refinement converges nicely for a solution that agrees well with expectations, but despite the good agreement between model and data (R 1 = 4.37% Rw 2 = 10.39%, GOOF = 1.84) there are some conspicuous residual electron densities that indicate that the solution is incomplete. Interestingly, these residuals appear in what seems to be random locations, neither close to the heavy atoms, nor in volumes where partially occupied solvent molecules may be expected. This seems to rule out local disorder and rather points to twinning or extended defects. It was noted that the five most prominent residual peaks fall into two categories, two having electron densities close to 4e − Å −3 and the remaining three having values less than half of this. Moreover, the two more pronounced residuals are both located at the same distance and direction (−0.785, 0.171) from the two independent Ru positions in the structure. In the same way, the three smaller peaks correspond to the translation of Cl positions. Translating the entire molecules along this vector in fact generates a packing without any short interatomic distances and with a packing efficiency comparable to that of the original structure. It thus seems probable that the residuals are generated by an alternative molecular packing in the ac-plane.
To test this hypothesis, a split model was introduced where copies of the two independent molecules in the unit cell appear at positions given by the vector between the main electron densities and the Ru atom positions. To avoid introducing a large number of new refinable parameters, the original model was fixed and the only refinable parameters (14) in the split model were the occupancies of the split positions and the rotations and translations of the major components to the new positions. These were allowed to refine independently and both occupancies came out very close to 5%, the translation vectors were essentially identical, and the rotations as expected were close to 0.
The refinement converged at R 1 = 2.79%, Rw 2 = 6.70%, GOOF = 1.20 with an essentially featureless electron difference density map. Despite the small number of refined parameters, this constitutes a major improvement on the original model and there is little doubt that this model correctly describes the local structure of the compound. Moreover, the same residual electron density in the same locations, corresponding to the same stacking fault, were observed in three other crystals of Ru-1, from two different batches of crystals. Fig. 2 shows the structure of one of the two non-equivalent molecules in the main morphology, see the ESI, Fig. S-6 † for a representation of the two polymorphs in the crystal. The space group P2 1 would normally be associated with a single-enantiomer structure, but as discussed above, Ru-1 is stereogenic at the metal center but is present as the racemate, so the space group was surprising. 32 Rather than finding a single enantiomer of Ru-1 in the asymmetric unit, both enantiomers were present, but with non-crystallographic inversion symmetry. That is, the two enantiomers were present in the asymmetric unit but with many minor conformational differences. Crystallization of a racemic mixture in a Sohnke space group was until recently thought to be extremely rare, with perhaps fewer than 50 examples. 32, 33 However, improved search methods have shown the number of these examples, referred to as kryptoracemates, to be a bit higher, and two recent publications describe 181 organic and 26 organometallic kryptoracemates. 34, 35 We now add Ru-1 to this list, although there is no particular reason that it crystallizes in this non-centrosymmetric space group. Bernal and Watkins have speculated that the crystallographic enantiomers in a non-Sohnke space group at room temperature could be converted to a non-crystallographic inversion pair at low temperature, but Ru-1 exhibits the same structure at room temperature as at 100 K. 35 It is noteworthy that even )Cl] Os-7. Hydrogen atoms have been omitted for the sake of clarity. Thermal ellipsoids at the 50% level.
though the structure in general is acentric the local structure at the stacking-fault is centrosymmetric.
Complexes Ru-3, Ru-5, Os-5 and Os-7 crystallize in centric monoclinic point groups, Ru-3, Ru-5 and Os-7 in P2 1 /c and Os-5 in P2 1 /n. They all refine well with standard procedures.
As suggested by the spectroscopic characterization, in all complexes the salicylaldiminato ligand (
ordinates to the metal in a bidentate manner via the phenolate oxygen and the imine nitrogen. The metal center adopts a typical 'piano-stool' conformation with the chlorido ligand and nitrogen and oxygen atoms of the salicylaldimine ring acting as the legs. The metal is bound to the p-cymene ring in the expected η 
Antimalarial activity
The antimalarial activity of ligands HL [1] [2] [3] [4] [5] [6] [7] [8] and complexes Ru-1-Ru-8, Os-1-Os-3, Os-5 and Os-7 was evaluated in vitro against chloroquine sensitive (CQS) NF54 and chloroquine resistant (CQR) Dd2 strains of Plasmodium falciparum ( Table 3 ). The antimalarial activity of ligands L 10 and HL 1 as well as their ruthenium complexes Ru-10 and Ru-1 against the chloroquine sensitive (CQS) D10 and Dd2 strains has been reported previously 17 and is included in Table 4 = 140-730 nM. Against the chloroquine resistant strain two of the complexes, Ru-5 (X = I) and Ru-6 (X = NO 2 ), showed no activity up to the highest concentration tested. The complexes that were active, displayed antiplasmodial behavior at concentrations 4 to 6 times higher than chloroquine and 3 to 7 times higher than the free ligands. However, the resistance index, i.e. the quotient of the activity against chloroquine resistant and chloroquine sensitive P. falciparum, is better compared to chloroquine for the complexes that were active against the resistant strain. While this is a promising result, it should not be overinterpreted, considering the relatively poor activities exhibited against the chloroquine sensitive strain.
The osmium complexes Os-1-Os-3 and Os-7 showed activities that were similar or slightly lower than their ruthenium analogues, but against the chloroquine resistant Dd2 strain they are consistently less active. The iodo-substituted complex Os-5 stands out, with slightly better activity than the ruthenium analogue Ru-5 against the CQS strain (IC = 550 nM respectively, and is almost as active as chloroquine against the CQS D10 strain. However, the dramatic increase in activity against the D10 strain that is observed upon cordination of Ru or Os to HL 1 is not seen for HL 9 ; metal coordination of HL 9 results in a slight decrease in activity against the CQS strain for both Os-HL 9 and Ru-HL 9 relative to the free ligand and a slight increase in activity against the CQR strain in the case of Os-HL 9 . The small difference in activity for the complexes compared to the free ligand may indicate partial decomposition of the complexes under physiological conditions, and that the resultant antiplasmodial effect observed is primarily caused by the dissociated ligand, HL 9 . Coordination of L 10 to osmium results in a complex (Os-10) which is less active than its free ligand against both parasite strains but is much more active than its ruthenium analogue, Ru-10.
Comparing osmium and ruthenium compounds, all the ruthenium salicylaldimine complexes performed better against the Dd2 strain (CQR) than their osmium congeners, while against NF54 (CQS) two complexes, Ru-1 and Ru-5, have lower activities than the osmium equivalents. For the compounds tested against D10 and Dd2, the imidazole-containing ruthenium complex Ru-10 is 7 and 40 times less active than Os-10 against the D10 and Dd2 strains, respectively. Both Ru-1 and Ru-HL 9 have activities similar to Os-1 and Os-HL 9 against the chloroquine sensitive D10 strain and are slightly less active against the Dd2 chloroquine resistant strain than Os-1 and Os-HL 9 . While several osmium complexes exhibited better activity than their ruthenium congeners, replacement of ruthe- Since the overall trend is that the uncoordinated ligands are significantly more active than the metal complexes, it is possible that the complexes in themselves are inactive, while the active species are the decoordinated ligands. If this is the case, the differences in antiplasmodial activity between the ruthenium and osmium complexes could be the result of the greater lability of the coordinated ligands in the former, resulting in a higher concentration of free ligand at equal concentrations of the complexes. For the ligand HL 9 and its complexes Ru-9 and Os-9, the IC 50 data for the Dd2 P. Falciparum strain suggest a reverse trend, but the activities are actually not statistically different (cf. Table 4 ). The fact that there is no significant difference between the activities of this ligand and its complexes may indicate that the ligand is fully decoordinated from the metal under physiological conditions, and that the free ligand determines the activity.
Electrochemistry
The ruthenium complexes Ru-2,-3,-5,-6 and -7 were studied by cyclic and differential pulse voltammetry, see Fig. 8 . All 5 complexes showed a single irreversible oxidation not present in the corresponding free ligand, presumed to be the oxidation of Ru II to Ru III . The oxidation potential correlates well (ρ = 0.98) with the Hammett σ-constants of the substituents in the R 1 position (cf. Scheme 1). However, as might be anticipated, no correlation between the oxidation potentials of the complexes and their anti-malarial activities could be observed.
Experimental
General information
Ruthenium and osmium complexes were synthesized under dry argon or nitrogen using standard Schlenk and vacuum-line techniques. Solvents used were dried by distillation over appropriate drying reagents and stored over molecular sieves under nitrogen. Acetone was dried over molecular sieves overnight, followed by storage under argon. All chemicals were purchased (O-H), 2974w, 1641s (NvC), 1616w (7-chloroquinoline), 1584s 1614s (7-chloroquinoline), 1581s (7-chloroquinoline), 1527w (7-chloroquinoline), 1460m, 1389w, 1322w, 1262w, 1090w, 1026m, 872w, 805m; 3434 (br), 2921w, 1632sh (NvO), 1623s (7-chloroquinoline), 1603s (7-chloroquinoline), 1548w (7-chloroquinoline), 1474w, , 100%).
X-Ray structure analysis
An orange-red crystal of Ru-1 was cut from a long spar and mounted on a 200 micron MiTeGen MicroMount in Paratone-N oil, and then cooled with an Oxford Cryosystems Series 700 low-temperature device; a single crystal of Ru-5 was found and treated in the identical manner. The X-ray intensity data were measured on a Bruker Smart Breeze CCD system equipped with a graphite monochromator (λ = 0.71073 Å) at 100(2) K. A total of 1464 frames were collected with a total exposure time of 4.07 hours for Ru-1 and 3.25 hours for Ru-5. The frames were integrated with the Bruker SAINT software package using a narrow-frame algorithm, and data were corrected for absorption effects using the multi-scan method (SADABS).
The structure of Ru-1 was first solved using the Bruker SHELXTL Software Package with anisotropic full-matrix leastsquares refinement on F 2 . Hydrogen atom positions were calculated for all CH hydrogen atoms but thermal parameters were allowed to refine isotropically. The NH hydrogen atoms were located in the difference maps and then refined with isotropic thermal parameters and distance restraints (0.91 Å at 100 K).
Copies of the two independent molecules in the unit cell were then created and placed in positions given by the vector between the main residual electron densities and the Ru atom positions. This model was refined with respect to only the occupancies of the split positions and the rotations and translations of the major components to the new positions to yield the final structure. The final refinements were performed using the JANA2006 software. 45 The red crystals of Ru-3 were fixed to glass fiber using Epoxy glue and the single crystal data was collected at room temperature on an Oxford Diffraction Xcalibur EOS CCD diffractometer with graphite monochromatised Mo-Kα radiation (λ = 0.71073 Å) operated at 50 kV and 40 mA, with a detector distance of 50 mm and 2θ range 3.0-28.8°. The Oxford CrysAlisPro RED software was used for data processing, including numerical absorption correction based on Gaussian integration over a multifaceted crystal model. 46 Structural solution was accomplished using charge flipping as implemented in Superflip. 47 All refinements were performed using the JANA2006 software. 46 All non-hydrogen atoms were refined anisotropically and all hydrogen atoms were theoretically generated. The structure of Ru-5 was solved (intrinsic phasing method) and refined using the Bruker SHELXTL Software Package with anisotropic full-matrix least-squares refinement on F 2 . Hydrogen atom positions were calculated for all CH hydrogen atoms but thermal parameters were allowed to refine isotropically. The NH hydrogen atoms were located in the difference maps and then refined with isotropic thermal parameters and distance restraints (0.91 Å at 100 K). For Os-5 and Os-7, X-ray single crystal intensity data were collected on a Nonius Kappa-CCD diffractometer using graphite monochromated MoKα radiation (λ = 0.71073 Å). Temperature was controlled by an Oxford Cryostream cooling system (Oxford Cryostat). The strategy for the data collections was evaluated using the Bruker Nonius "Collect" program. Data were scaled and reduced using DENZO-SMN software. 48 Absorption correction was performed using SADABS. 49 The structures of Os-5 and Os-7 were solved by direct methods and refined employing full-matrix least-squares with the program SHELXL-97 refining on F 2 . 50 Figures were produced using the program PovRay and graphic interface X-seed. 51 All non-hydrogen atoms were refined anisotropically.
For Os-5, all hydrogen atoms were placed in idealized positions and refined in riding models with U iso assigned to be 1.2 or 1.5 times those of their parent atoms and the distance of C-H constrained ranging from 0.95 Å to 0.99 Å and N-H 0.88 Å. The structure was refined to an R factor of 0.0266. For Os-7, all hydrogen atoms, except H2, were placed in idealised positions and refined in riding models with U iso assigned the values to be 1.2 or 1.5 times U eq of the atoms to which they are attached and the constraint distances of C-H ranging from 0.95 Å to 1.00 Å. The hydrogen H2 was located in the difference Fourier maps and refined with bond length constraint d(N2-H2) = 0.88 Å. The structure was refined to an R factor of 0.0374. Selected crystal data and structure refinement parameters are listed in Table 5 .
Electrochemistry
The electrochemical analyses were performed using a WaveNow potentiostat (Pine Research). The solvent was anhydrous dichloromethane stored over molecular sieves and the supporting electrolyte was 0.1 M tetrabutylammonium perchlorate. Measurements were carried out using a 2 mm diameter glassy carbon working electrode, a Pt wire auxiliary electrode and a Ag/AgCl reference electrode separated from the working solution by a glass frit. Differential pulse measurements used a 10 mV increment. Oxygen was excluded during measurement by a flow of nitrogen gas. All potentials are reported versus the ferrocene/ferrocenium potential (0.400 V vs. NHE) as an internal standard.
Determination of in vitro antiplasmodial activity
Three strains of Plasmodium falciparum were used in this study: the chloroquine sensitive strains D10 and NF54 and the chloroquine resistant strain Dd2. Continuous in vitro cultures of asexual erythrocyte stages of P. falciparum were maintained using a modified method of Trager and Jensen. 52 Quantitative assessment of antiplasmodial activity in vitro was determined via the parasite lactate dehydrogenase assay using a modified method described by Makler. 53 The samples were tested in triplicate on two separate occasions; HL 1-8 , Ru-1-Ru-8 and Os-1-Os-3, Os-5 and Os-7, were tested against NF54 (CQS) and Dd2 (CQR) strains and HL 1 , Ru-1 and Os-1, HL 9 , Ru-HL 9 and
Os-HL 9 and L 10 , Ru-10 and Os-10 were tested against D10
(CQS) and Dd2 (CQR) strains. The test samples were prepared as 20 mg ml −1 stock solutions in 100% DMSO. Samples were tested as a suspension if not completely dissolved. Stock solutions were stored at −20°C. Further dilutions were prepared on the day of the experiment. Chloroquine diphosphate (CQ) was used as the reference drug in all experiments. A full doseresponse was performed for all compounds to determine the concentration inhibiting 50% of parasite growth (IC 50 -value).
Samples were tested at a starting concentration of 10 μg ml −1 , which was then serially diluted 2-fold in complete medium to give 10 concentrations with the lowest concentration being 0.02 μg ml −1 . The same dilution technique was used for all
samples. Samples were also tested at a starting concentration of 1000 ng ml −1 , which was then serially diluted 2-fold in complete medium to give 10 concentrations; with the lowest concentration being 2 ng ml −1
. Chloroquine was tested at a starting concentration of 100 ng ml . The highest concentration of solvent to which the parasites were exposed had no measurable effect on the parasite viability (data not shown). The IC 50 -values were obtained using a non-linear dose-response curve fitting analysis via Graph Pad Prism v.4.0 software.
Summary and conclusions
Eight new ligands, HL [2] [3] [4] [5] [6] [7] [8] [9] , and the previously known HL 1 , which contain a 7-chloroquinoline framework functionalized (Ru-9) presumably due to the steric hindrance of the tert-butyl group in 2-position on the salicylaldiminate moiety. Furthermore, the direct osmium analogues Os-1-Os-3, Os-5, Os-7, Os-9, and Os-10 were synthesized and characterized. All ligands and metal complexes were (or have previously been) evaluated in vitro for antimalarial activity against both chloroquine sensitive and chloroquine resistant strains of P. falciparum. Ligands HL 1-8 exhibited antiplasmodial activities on par with chloroquine. The corresponding ruthenium complexes did also exhibit antiplasmodial activities, but at IC 50 concentrations that were consistently higher than the corresponding ligands. Two complexes, Ru-5 and Ru-6, did not show any activity against a chloroquine resistant strain. However, the resistance indices for the active ruthenium complexes were better than that of chloroquine. The osmium analogues that were investigated gave antiplasmodial activities that were similar, but in most cases worse, than their ruthenium congeners. A weak correlation of antiplasmodial activity to the electronic influence of the substituent in para position on the salicylaldimine moiety in the ligands HL 1-8 could be detected, with more electron-withdrawing substituents giving higher activity; however, this correlation is not borne out in the analogous metal complexes.
